on September 29, 1993, President Clinton and the Chief Executive Officers of the major domestic automakers (Chrysler Corporation, Ford Motor Company, and General Motors Corporation) announced the formation of the Partnership for a New Generation of Vehicles (PNGV). The long-term goal of PNGV is to develop vehicles that will deliver up to three times today's fuel efficiency (80 miles per gallon or BTU equivalent) and cost no more to own and operate than today's comparable vehicles. At the same time, this new generation of vehicles should maintain the size, utility and performance standards of today's vehicles (i.e., the 1994 Chrysler Concorde, Ford Taurus, and Chevrolet Lumina) and meet all mandated safety and emission requirements [ 1,2]. As part of the PNGV program, The National Highway Traffic Safety Administration (NHTSA) intends on developing a vehicle finite element model representing each vehicle class and size. These FE models will be used in compatibility studies to ensure that PNGV vehicles meet safety standards and that crashworthiness and crash avoidance attributes are not compromised by their lightweight and use of advanced materials.
INTRODUCTION
More people lose their lives on highways each week than lose their lives in airline crashes annually. On an average day, more than 100 people are killed, and more than 6,000 sustain disabling injuries on U.S. Highways. While road and street mileage have only increased 2.6 percent sine 1973, the number of vehicles using the roads and streets increased 54 percent, and vehicle miles of travel increased by 75 percent [3] . In addition, the number of registered vehicles increased by 15.7 percent (20 million) since 1983. Automobile accidents alone caused 41,907 fatalities and over 3.5 million injuries in the United States in 1996 [4] . These accidents impose a tremendous cost to society in medical expenses, worker losses, property damage and emergency services as well as pain and suffering. Motor vehicle crashes account for 2.2 percent of the U.S. Gross Domestic Product at a total of 150 billion dollars [5] .
In order to evaluate vehicle crashworthiness, previous efforts focused on physical crash tests. With the high cost of performing these tests (average cost for a frontal impact into a rigid barrier is $25,000) and the rapid advancement in computer technologies, computer crash simulation using non-linear finite element codes is becoming a feasible means for evaluating vehicle crashworthiness.
Computer simulation for crashworthiness evaluation has been conducted since the early 1980's. However, these simulations were restricted to the automobile manufactures and their respective suppliers. This is partially due to the availability of the geometry necessary to create these vehicle models, and the cost of the computational power required to perform such simulations. Another reason is the legal implications involved in making the geometry of these models publicly available. Therefore, the need to develop a methodology to create a vehicle model using reverse engineering technique is apparent. Several institutions and companies have developed such techniques, particularly EASl Engineering and the FHWANHTSA National Crash Analysis Center (NCAC) at The George Washington University. Today, with the rapid advancements in reverse engineering technology, developing vehicle models is becoming more feasible. As these models are becoming more sophisticated in terms of their accuracy, robustness, fidelity, and the need for developing multi-purpose models that can be used to address safety issues for a wide class of impact scenarios becomes more apparent.
With the availability of lower cost super computers based on Symmetric Multi-Processor (SMP) and Massively Parallel Processor (MPP) technologies, simulations of the aforementioned impact cases can be made more elaborate and efficient. As these computational advancements continue simulations of larger, more detailed models will be able to run in comparable time to the smaller, less detailed models of the past. Meanwhile, with the projection that models will continue to grow in size based on the improvements in computation speed, research is needed to improve the modelling abilities and addition of detail and complexity. As these vehicle models become useful for a wider range of impact conditions, they also must be sufficiently validated for the entire range of scenarios [6, 7, 8] .
Analysis of vehicle crashes using the finite element method (FEM) is a more attractive alternative. Although the initial cost of simulation is high, it is notably more flexible than a physical crash test. In a finite element simulation, one can vary numerous parameters and observe the effects to an extent unavailable in physical crash tests. For this particular reason, simulations can be used to establish design modifications and to predict an automobile's crashworthiness in many impact scenarios. In this sense, it is a less time consuming and more cost-effective method that complements physical crash testing.
The finite element method is a feasible method for approximating solutions to various engineering problems including automotive crashworthiness. This type of analysis is also beneficial because it is repeatable. The quality of the results of finite element analysis is fundamentally determined by the accuracy of the representative geometry and boundary conditions applied. The results of these models' simulations must be validated against physical crash test data. In order to produce simulation results that compare favourably to physical crash data, several conditions need to be satisfied:
Accurate representation of the vehicle's geometry which determines the finite element mesh Correct sheet metal thickness of the various components in the vehicle's structure Accurate representation of the material behaviour Accurate representation of the connections between the various components (spot welds, bolts, rivets, etc.)
VEHICLE MODELING METHODOLOGY
A methodology for creating vehicle finite element models was developed at the FHWANHTSA National Crash Analysis Center. To prove its validity, the method was exercised on both passenger cars and pickup trucks. Trucks, in general, are composed of three major components: rails, cabin and bed. These components can be easily disassembled to expose the various parts. However, passenger vehicles are composed of one major component, the body-in-white (BIW), to which all other parts such as the outer body, and engine components are attached. The BIW is composed of various layers of sheet metal, which interconnect by way of spot welds. These layers can either be exposed or hidden, and are generally composed of complex geometry. Figure 1 presents the methodology used to develop the Plymouth Neon finite element model.
Vehicle Analysis
The first step in vehicle modelling is vehicle analysis. Vehicle analysis involves gathering all possible information pertaining to the vehicle to be digitised, in this case the 1996 Plymouth Neon. Chrysler Corporation first introduced the Neon model in 1995. Both Plymouth and Dodge, subsidiaries of Chrysler Corporation, produced the model. For the 1996 model year, the Neon was virtually identical to the 1995 model. Therefore, data on both model years can be used. The I996 Plymouth Neon was bought from a nearby dealership by NHTSA. This was done to ensure that the vehicle is a production model. Vehicle analysis can be divided into the following four tasks: global property measurement, crashworthiness data, documentation and disassembly. 
Global Property Measurement
The requirements of this task are to obtain the total mass of the vehicle, mass distribution on each tire, and general vehicle dimensions.
Crashworthiness Data
Both NHTSA and Transport Canada conducted a total of 7 full-scale crash tests on the Neon. Of the 7 tests, 4 are frontal impact into a rigid barrier, 2 frontal offset impact into a deformable barrier, and 1 rear offset impact using a deformable impactor. It is very important that all of these tests are examined carefully. By doing so, an idea of the general vehicle behaviour in various impact scenarios is established, and the important parts to be digitised are identified for greater attention to detail.
Documentation
Research projects rely heavily on good documentation of each step, or task performed. This ensures that all necessary information is readily available. The most valuable documentation in vehicle modelling is in the form of photographic pictures. More then 500 pictures of the Neon have been taken. These pictures document each step of disassembling the vehicle along with the connection types between the various parts. To facilitate parts naming and identification, the Plymouth Neon was divided into four major groups: 1) chassis, 2 ) outer body, 3) mechanical components and 4) interior. 1. The chassis group or body-in-white, is the vehicle skeletal structure to which other sub-systems including engine, drive train, suspension and interior components are attached. It does not include doors, hood or trunk, and typically represents 20 to 25 percent of a vehicle's total weight.
2. The outer body group is the vehicle's cosmetic panels. It consists of all doors, bumpers, hood and trunk, and generally represents all panels that attach to the chassis or body-in-white. 3. The mechanical components group consists of the entire engine and engine components, transmission, drive train, and suspension of the vehicle. It represents all mechanical parts that attach to the chassis or body-in-white. 4. The interior group represents all the interior components including the dashboard, front and rear seats.
Disassembly
In order to access the various components of a vehicle, complete disassembly is required. With the general automotive tools, various parts can be taken off to reveal the body-in-white. However, this does not produce an accurate model. This is largely due to the fact that the body-in-white is composed of several layers of sheet metal spot-welded together. In order to access these various layers, specialty tools must be used. Several tools are available to remove sheet metal panel without damaging them such as spot weld removal drill, spot weld drill, and spot weld breaker. The first two are used to drill through the spot weld, which is a time consuming procedure. The last is more useful when the outer sheet metal geometry has been captured and is no longer needed; since it will tear the spot-weld but also deform the sheet metal.
Geometric Discretization
To develop the Neon model, a portable Coordinate Measuring Machine manufactured by Far0 Technologies (FaroArm Bronze Series) was used. The FaroArm is an instrumented articulated arm with six degrees of freedom. It uses proprietary hybrid analogue/digital rotational transducers, which provide good accuracy measurements in a compact and extremely lightweight package. They can be mounted on special tripods or clamps and come in different sizes
To take measurements, the user touches the object to be measured with the probe at the end of the arm and presses a button. Data can be captured as individual points or streams of points. The 3D data provided includes the XYZ position of the probe and the IJK directions of the probe handle. This data is analysed by digital signal processing (DSP) technology and communicates by RS232 serial line to a computer [ 101. The Far0 Arm comes with a utility software called Calliper 3D. Basic features of Calliper 3 D include coordinate system set-up, leapfrogging around objects larger than the arm, accuracy confirmation, and changing serial communication protocols. Calliper 3 D is also used for calibration of probes [ 1 I].
Due to the size of a vehicle, it becomes necessary to either move the car around the arm, which is an impractical solution, or move the arm around the vehicle, a more practical solution. By doing so, the initial coordinate frame that was established when the first part or section is digitised is lost. However, a feature in the FaroArm allows the user to create a local coordinate system for each individual part, and relate it to the global coordinate system of the vehicle. The coordinate transformation feature in the FaroArm allows the user to move the arm freely around the vehicle while maintaining the global coordinate system. In addition, components can be disassembled and digitised off the vehicle as long as they have a local coordinate frame. Since most components in a vehicle are symmetric, it is only necessary to digitise half the vehicle, except for the non-symmetric component. A mirroring line can be established to mirror the symmetric component.
To capture the geometry accurately, it is beneficial to layout a visual grid on each component to be digitised. The earlier step only recorded and processed the geometric information. The continuous shape of the surface to be digitised is divided into small rectangular or triangular shaped surfaces to form the digitising grid ( Figure 2 ). Combined, these smaller surfaces will form the final geometric surface.
The grid, created using I/8-in. masking tape, should be in a manner best suited for meshing. The intersection of the grid lines represents -the points to be digitised. Using AutoCAD and Reverse Engineer every four points digitised creates a surface patch. Figure 2 illustrates the digitisation process of the door. It can be seen that the door geometry, specifically the inner parts, is complex and requires a detailed grid in order to capture the geometry accurately. 
Material Properties
In developing finite element models of vehicles for crash simulation, several engineering assumptions are made to simplify the modelling effort and finite element generation. Many of these simplifications concern the geometric discretization of the various components to obtain the necessary CAD data. For instance, simpler geometric models usually approximate complex shapes of non-critical (from crash perspective) non-deforming parts. This is mainly due to the computational cost. Other parts, like sheet metal, with varying thickness and complex 3-D surfaces may have significant effect on the performance of the vehicle in impacts. Some of these complex shapes, including holes and slots, are introduced in the vehicle structure to initiate deformation for energy absorption in crashes. This illustrates the importance of obtaining the general properties of the various parts. Two important properties are necessary to develop an accurate finite element model of a vehicle for use in crash simulations, sheet metal thickness and material properties.
Sheet Metal Thickness
Although standard callipers allow thickness measurement of some of the disassembled components, there still remains a majority of-parts whose thickness cannot be determined due to inaccessibility limitations or inherent complex component configuration. Some of these components are indeed critical to the crash performance of the vehicle. In addition, various coatings and paint can add to the thickness measured by callipers, thus preventing the user from obtaining accurate sheet metal thickness. Therefore, an ultrasonic thickness gauge is used to obtain accurate sheet metal thickness (Figure 3) . The thickness measurement gauge can measure as thin as 0.25 mm of sheet metal and as thin as 0.13 mm of many plastic parts. 
Coupon Testing
In order to obtain accurate material property approximation of the Plymouth Neon, material testing is necessary. Material testing is done by taking component specimen, machined to specifications, and applying an axially directed tensile load. The load is monotonically increased slowly (quasi-static loading) from its initial value of zero to its final value. By examining the tensile stress CT in the specimen as a function of the strain E, material properties of the component is obtained. To represent sheet metal in LS-DYNA, material model 24 (Piecewise Linear Isotropic Plasticity) was used [13] . This material model requires the true stress-strain relationship [14] . The true stress-strain curve is defined by a set of points known in LS-DYNA as a load curve.
ASTM specifications for rectangular tension test specimen were used to cut 168 different specimens from 27 different components of the Plymouth Neon vehicle. Due to the component complex geometry, sub size specimen ASTM specifications were used (Figure 4 ). Specimens were cut from a flat, free of warpage and welds areas. In a vehicle crash, materials can undergo high strain rates. In order to capture the accurate material properties, it is necessary to perform the tensile tests at different strain rates. Three strain rates were selected for the Neon tensile testing: quasi-static, low-rate dynamic and high rate dynamic. The last two were used to determine if the material behaviour is strain rate dependent. Each of the tensile tests was performed twice to ensure repeatability. Some of the components of the Neon were assumed to be made of the same material. For these components, only the quasi-static tests were performed to validate this assumption. Once all the data was collected, the engineering stress and engineering strain were calculated and plotted for each specimen ( Figure 5 ). Once all the data analysis is completed, a total of 168 load curves were generated. These load curves were then compared to identi6 their similarities. It should be noted that although the material properties of the Neon model are composed of 8 1 % sheet metal, tensile testing of every component is virtually impossible. This is largely due to the complex geometry of some components. Tested components were selected because of their contribution to the crashworthiness of the vehicle, and the availability of areas free of warpage and welds.
A total of 10 load curves were generated from the 168 tensile tests. As previously mentioned, material type 24 in LS-DYNA was used to represent sheet metal in the Neon model, which requires the use of the true stress-strain relationship. Therefore, true stress-strain load curves (Figure 6 ) were generated from the 10 engineering stress-strain load curves and included in the model. Figure 6 . True stress-strain curves
Finite Element Model
The next step is to combine all this information and data gathered to form a finite element model of the vehicle. Once a component is digitised, an IGES files is then exported and imported into a pre-processor for mesh generation. For the Neon model, a global edge length of 12 to 15 mm was used for tee important components, with the minimum size of an element set at 7 mm. This element size was to ensure that the time step is no less then 1 microsecond. The time step of an explicit analysis is defined as the minimum stable time step in any deformable finite element in a mesh [ 151. It is based on the CFL condition (Courant-Friedrich-Lewy) which specifies that the numerical time step must be smaller then the time needed by the sound wave to cross the element. The element size was chosen to be uniform across the entire model, so that the model can be used in any impact scenario. In addition, all elements should satisfy the following criteria listed in Table 1 . 
Aspect Ratio Skew Anple Warp Angle
One of the most important aspects of vehicle modelling is the way all the components interconnect. It is important to examine the vehicle, and identify the most common type of connections. For a passenger vehicle, such as the Neon, spot-welds are the most dominant of all types of connections. There are more then 3,500 spot-welds that connect the various pieces of sheet metal in the vehicle. Therefore it is extremely important to capture the location of these spot-welds as accurately as possible. To do so, a point was digitised at the location of each spot-weld.
LS-DYNA provides several helpful features to connect components. Two different types of connections were used in the Neon model: constrained nodes, and joints. Two types of constrained nodes were used, nodal constraint or spot-weld, and nodal rigid body constraint. The first is used primarily to simulate a spot weld. Therefore, it is used wherever a spot weld 0 Woodhead Publishing Ltd exists on the vehicle. This option can only be applied between two nodes. It treats these two nodes as if they are connected by a rigid beam. Both nodes can move in space in translation and rotation, but cannot translate or rotate relative to each other. Nodal rigid body constraints are similar to the spot-weld option with the exception that it can be assigned between more than two nodes. For instance, this option is used when three or more pieces of sheet metal need to be connected, and when bolts connect two parts together. The LS-DYNA joint option is used to define the joints present in the suspension of the vehicle. Two types of joints are used to connect both the front and rear suspension of the Neon model: spherical, and revolute.
The spherical joint is used between the upright and the tip of the A-arms to simulate the ball joint. The revolute joint is used between the A-Arms and the suspension frame to simulate the motion of the Aarms. In addition, springs and dampers were used on each wheel to connect the upright to the shock house on the chassis.
Component Testing
Before exercising the finite element model in various impact scenarios, it is essential to validate its behaviour against full-scale crash tests. Some of these tests are conducted by NHTSA for regulatory purpose, while others are simply for research and development. The purpose of these tests is primarily occupant safety. Therefore, all test instrumentation is focused on the Hybrid-I11 dummies, and the camera views are concentrated on the occupant compartment with few views on the structure of the vehicle. In addition, all body panels (hood, fenders, bumpers, etc.) cover the main structural components making it difficult to know whether the correct behaviour of the load bearing components is captured properly in the FE model.
To further improve the performance and accuracy of the model, component wise validation is necessary, specifically on the load bearing components such as the body-in-white (BIW). A 1995 Plymouth Neon was stripped down to the body-in-white only with the suspension frame. Three tests were conducted on the body-in-white. The first is a frontal impact into a rigid barrier at 15 mph with the body-in-white mounted on a sled and rigidly fixed to prevent deformation behind the A-Pillars area. The second is a rear impact into a rigid barrier at 15 mph with the body-in-white mounted on a sled and rigidly fixed to prevent deformation behind the C-Pillars area. The third and final test used the front passenger door mounted on a sled and impacted into a rigid pole at 5-mph (Appendix H).
The purpose of the body-in-white tests is to assist in the validation process of the Neon model. The body-in-white was rigidly fixed at the pillars (A and C) for both the frontal and rear impact to examine the local deformation in both the front and rear rails and the load bearing components. By doing SO, only the rails and their corresponding components were subjected to the impact, and the same body-inwhite could be used for the both impacts. The door impact was fixed in such way that there was no failure at the hinges or door lock. This aided in eliminating the failure factor, and emphasizing the deformation of the door sheet metal solely.
The finite element model of the body-in-white was used initially to estimate the necessary test speed that will produce reasonable deformation in the rails. 
Implementation of Changes into FEM
The purpose of the body-in-white testing was to validate the Neon model on the component level. Once this is complete, then all the changes done to the body-in-white model need to be implemented in the Neon full model. It is essential to track all the changes made to the initial Neon model, so that there is no confusion between the different databases. For instance, between version 2 (V02) and version 3 (V03), the number of spot-welds increased from 2,838 to 3,826, while the number of components increased from 3 12 to 322. The increase in the number of components is mainly in the form of brackets and inner sheet metal components. These components were not included in the initial model because of their concealed locations. In addition, the increase in the number of spot-welds implies that the V02 was not properly connected and stresses the importance of component testing. Component testing can contribute significantly to the model's accuracy and its applicability to any impact scenario.
Full-scale Test Simulation and Validation
The final step in developing a vehicle finite element model is validation of the available full-scale tests. This should be done once a complete and thorough validation of the body-in-white is completed, and implementation of all the necessary changes to the finite element model is performed. The validation steps previously mentioned should be followed. However, greater dependability on the numerical data is necessary in the case of the full-scale test, since high-speed cameras are generally concentrated on the occupant compartment and not the vehicle's structure.
The model should be validated for all available frontal impact tests. These include frontal impact into a rigid barrier test such as the New Car Assessment Program (NCAP) and offset frontal impacts into either rigid or deformable barrier. The assumption is that once the model is validate for these frontal impact tests, it can be consider as a valid model for frontal impact application, therefore it can be used for any impact scenario that involves the frontal section (ahead of the A-Pillar) of the vehicle However there is no validation procedure that has been designated as the industry standard for the safety community, which defines the acceptable margin of error. This is partially due to the fact that no two full-scale tests will produce the same results and that in some instances these results could vary significantly. Therefore it is essential to establish the acceptable margin of error when performing model validation. For instance, there are two NCAP tests available for the Plymouth Neon, test number DOT-2320 and DOT-2127. These tests should be examined and compared to establish an acceptable data corridor.
CONCLUSION
A procedure for creating vehicle finite element models was developed. This procedure could be applied to any vehicle in today's market. It accounts for the complexity of the geometry associated with passenger cars. Methods for obtaining material properties through tensile testing and accurate thickness measurements were presented. Component testing methods for the body-in-white of a vehicle was proposed and conducted. These tests were used to debug and validate the finite element model. In addition, a validation procedure that involves comparing the visual and numerical aspects of test and simulation were presented and applied.
The procedure developed for creating and validating vehicle models proved to be efficient when applied. Material and component testing greatly contributed to increasing the accuracy and quality of the model. Conducting component testing on the load bearing components can reduce time spent in the validation process of the full model.
